In plant mitochondria, RNA editing involves the conversion of cytidines in the genomic DNA into uridines in the corresponding RNA. Analysis of cDNAs prepared by reverse transcription of mitochondrial RNAs has shown that partially edited RNAs are present in wheat mitochondria. The extent of this partial editing as well as its potential influence on the corresponding protein sequence were studied along with the expression of a wheat mitochondrial locus. The sequence, expression, and RNA editing of the wheat mitochondrial transcription unit containing four open reading frames (nad3, rps72, orf299, and orf756), all cotranscribed into a same predominant precursor RNA, have been studied. The product of orf756 is an 18-kD mitochondrial membrane protein of unknown function, whereas the product of orf299 could not be detected and this sequence seems to be a pseudogene. Sequences of cDNA clones derived by the polymerase chain reaction technique show that nad3, rps72, and otf756 transcripts are edited, whereas orf299 is not edited, except for a sequence identical to part of the coxll gene. Analysis of cDNA clones obtained from the precursor RNA shows the presence of a large number of partially edited nad3-rps72 transcripts with no evident polarity for the editing process. This shows that RNA editing is a post-transcriptional event. In addition, study of partial editing at the leve1 of precursor, mature, and polysomal transcripts shows that mainly mature, completely edited sequences are used for translation. Deletions of a nucleotide at editing sites were observed in a number of cDNA clones, suggesting that C 4 J RNA editing in plant mitochondria would be achieved by nucleotide replacement.
INTRODUCTION
The factors involved in the regulation of gene expression in plant mitochondria are still largely unknown. Differential gene expression can be regulated at the levels of transcription initiation and RNA stability. Run-on transcription experiments have shown that both transcriptional and post-transcriptional regulation are required to maintain transcript steady-state levels in plant mitochondria (Finnegan and Brown, 1990; Mulligan et al., 1991) . Furthermore, the cotranscription of genes coding for proteins, which are involved in different metabolic pathways (Bland et al., 1986; Gualberto et al., 1988; Wissinger et al., 1988) , suggests that translational regulation also plays an important role.
The recently described C A U RNA editing activity in plant mitochondria (Covello and Gray, 1989; Gualberto et al., 1989; Hiesel et al., 1989; Lamattina et al., 1989) may have an important role in the control of translation: all plant mitochondrial protein genes analyzed so far are more or ' To whom correspondence should be addressed. less affected by editing, resulting in significant modifications of the predicted protein sequence. The edited transcripts are substrates for translation as confirmed by the sequence of the wheat ATP9 protein (Bégu et ai., 1990) . However, no plant mitochondrial tRNA or rRNA has been shown to be edited, therefore suggesting that editing is required only for the expression of plant mitochondrial protein genes. Up to now, nothing is known about either the enzymatic activities required for editing or the possible function of editing on plant mitochondrial gene expression. One may wonder whether the plant mitochondrial editing system has common characteristics with other mitochondrial editing systems, such as those in trypanosomes and Physarum polycephalum (Benne et al., 1986; Mahendran et al., 1991) . Although these different editing systems result in different RNA sequence modifications, the broad principles of mitochondrial editing may have been conserved during evolution, as well as the functional role that editing may have on mitochondrial gene expression.
The effect of RNA editing on the expression of the wheat mitochondrial transcription unit that contains the nad3 and (Gualberto et al., 1988) are indicated by dark boxes. Arrows indicate positions mapped as transcript extremities, whereas the black bars indicate DNA regions corresponding to the 3.0-, 1.3-, 1 .l-, 0.9-, and 0.8-kb transcripts. Relevant restriction sites are labeled as follows: E, EcoRI; S, Sall; Sc, Scal; Sm, Smal; X, Xhol. Restriction fragments used as probes on the RNA gel blots of Figure 3 are numbered 1 to 5.
rps72 genes (coding for subunit 3 of NADH dehydrogenase and for ribosomal protein S12, respectively) and two unidentified open reading frames (orf299 and orf756) has been studied. RNA and protein gel blot analyses together with cDNA sequence determination gave evidence that editing in plant mitochondria is sequence specific and does not require translation, although only translatable sequences were found to be edited. Partia1 editing of nad3-rps72 was studied for precursor, mature, and polysoma1 transcripts. A correlation between RNA editing and RNA maturation has been found, and polysomal transcripts seem to be edited to a higher extent than transcripts from total RNA. cDNA clones were found where a nucleotide has been deleted at an editing position. This observation suggests that editing is achieved by base replacement, with or without cleavage of the RNA.
RESULTS

Sequence and Transcription of the nad3-rps72 Transcription Unit
The nad3 and rps72 genes are present in the wheat mitochondrial genome in the Sal1 fragment L2 (Quétier et al., 1985) and are cotranscribed into a precursor transcript of 3.0 kb extending into the contiguous N2 fragment (Gualberto et al., 1988 (Bonen et al., 1984) and shown to correspond to the transmembrane part of the COXll protein. Therefore, it would be possible that if orf299 were expressed, the 64 amino acids coded by the coxll sequence would correspond to a membrane-spanning domain. On the other hand, homologous sequences could not be found by hybridization in the maize mitochondrial genome, indicating that the orf299 sequence has not been conserved during evolution.
The predicted product of orf156 shows a strong similarity (86%) with the predicted product of Oenothera mitochondrial orfB, a sequence cotranscribed in Oenothera and sunflower with the coxlll gene (Hiesel et al., 1987; Quagliariello et al., 1990 ). An homologous sequence could also be identified by hybridization in the maize mitochondrial genome but at a different locus than the nad3, rps72, and coxlll genes (not shown).
Transcription of the different ORFs was studied by RNA gel blot hybridization, as shown in Figure 3 . Probes used are indicated in Figure 1 and numbered 1 to 5. The 0.9-kb mRNA of nad3 and rps72 exists in wheat mitochondria at similar (see RNA gel blot hybridizations in Gualberto et al., 1988) or slightly higher amounts than the precursor 3.0-kb RNA (Figure 3) The sequence is the consensus derived from the cDNA clones analyzed. The protein sequences presented are the ones derived from completely edited cDNA. Edited nucleotides (corresponding to a genomic C converted into a T in the cDNA sequence) are indicated by dots. Regions whose cDNA sequence has not been determined and that corresponds to the genomic sequence are in lower case. Sequences corresponding to oligonucleotides O1 to O7 utilized in cDNA amplification by PCR are underlined. The initiation and termination codons of orf299 and the cox// homologous sequence are boxed with a continuous line. Nucleotides mapped as transcript extremities are boxed with a dotted line. Sequences that can base pair in a characteristic 3' end double-loop structure are underlined with arrows. (A) RNA gel blots of total wheat mtRNA hybridized with probes indicated in Figure 1 . Transcript lengths were determined using RNA length markers (Bethesda Research Laboratories).
two transcripts can change using RNA from different extractions, suggesting that the 3.0-kb RNA is less stable than the 0.9-kb RNA. Both orf299 and orf156 are transcribed into the same 3.0-kb precursor, but a number of additional transcripts, of lengths spanning the range from 1.3 to 0.8 kb, have been identified by hybridization with probes 3,4, and 5. These RNAs are likely to be processing (B) Primer extension analysis of the 5' end of orf156 transcripts. The lengths of the cDNA fragments obtained by extension of primer O6 are indicated in nucleotides. The ladder is the DNA sequence primed by the same oligonucleotide.
(C) S1 nuclease mapping of the transcription unit 3' end. The lengths of the protected fragments are in nucleotides and were determined using the M13mp18 sequence as a ladder.
products of the 3.0-kb RNA, but the hypothesis that alternative sites of transcription initiation exist cannot be excluded. The transcripts of about 0.8 kb exist in high amounts and are specific for orf156. As revealed by shorter times of autoradiography (not shown), the 0.8-kb band is broad and could correspond to RNAs of slightly different lengths. Less abundant transcripts of 1.3 and 1.1 kb contain the orf156 sequence with parts of the orf299 sequence. Probe 2 (Figure 1 ) hybridized to a 1.3-kb band corresponding to the cox// mRNA (Bonen et al., 1984) and to a transcript of the same length that could be specifically identified by hybridization with probe 3 ( Figure 3A ). However, no transcript specific for orf299 could be identified, either with the indicated probes or with others. The only RNA that contains the entire orf299 sequence is, therefore, the 3.0-kb precursor.
Termini of the different transcripts were mapped. The nad3-rps12 0.9-kb transcript had been previously characterized (Gualberto et al., 1988) . The 5' termini of the RNA species specific for orf156 were mapped by primer extension, using oligonucleotide O6 ( Figure 2 ) as primer for cDNA synthesis. Five predominant signals were revealed on autoradiograms ( Figure 3B ), corresponding to nucleotides 30 to 115 bp upstream of orf156. Other weak signals would correspond to less abundant transcripts or to premature termination of elongation products. The 3' end of the transcription unit was mapped by S1 nuclease protection utilizing a 765-bp Hinfl fragment as a probe. Protected fragments 128 to 131 nucleotides long ( Figure 3C ) mapped a 3' extremity, which is common to all identified transcripts except for the nad3-rps12 0.9-kb RNA. The 3' end corresponds to a sequence predicted to fold into a double stemloop structure (Figure 2 ). Homologous structures have been described in the 3' ends of other plant mitochondrial transcripts (Schuster et al., 1986) . fraction of the bacteria and were further purified by preparative SDS-PAGE before being injected into rabbits to raise polyclonal antisera. In protein gel blots of wheat mitochondrial protein extracts, sera specific for the fusion protein expressed by clone pEA305:ORF156 specifically recognize a polypeptide associated with the mitochondrial membrane fraction, as shown in Figure 4 . The estimated size of the polypeptide (18 kD) corresponds to the size expected for the product of orf156. Sera against the fusion protein expressed by clone pEA305:ORF299 cannot recognize any wheat mitochondrial protein at a level higher than background signals (not shown). The same sera can, however, specifically recognize the corresponding fusion protein. It seems, therefore, that orf299 is not expressed in wheat mitochondria under these physiological conditions and is possibly a pseudogene.
RNA Editing of the or/299 and or/756 Transcripts
Amplified cDNA clones of orf299 were obtained utilizing primers 04 and 06. The 1202-bp amplified cDNA was cut with EcoRI (at position 1715), and the resulting 0.65-and 0.5-kb fragments were independently cloned and sequenced. Five clones of the 0.65-kb fragment and four clones of the 0.5-kb fragment were sequenced. Only three editing positions (C->U conversions) could be found in the entire sequence of orf299, all three in the sequence corresponding to the cox// insertion ( Figure 2 ). These edited 1 2 3
Expression of or/299 and or/756
To determine whether the protein products encoded by orf299 and orf156 are present in wheat mitochondria, fusion proteins were expressed in Escherichia coli, and specific antibodies were obtained. A 989-bp Scal-EcoRV fragment (from coordinates 1338 to 2326 of the sequence) containing the last 226 codons of orf299 and a 928-bp EcoRI-Smal fragment (from coordinates 2248 to 3175 of the sequence) containing the last 117 codons of orf156 have been cloned in the Hindlll site of the expression vector pEA305AHindlll (Amann et al., 1983; Schmidt et al., 1986) . This vector allows the expression of fusion proteins with the first 163 amino acids of the represser protein cl of A. This expression is under the control of the inducible fac promoter. The clones obtained were named pEA305:ORF299 and pEA305:ORF156, respectively. After induction by isopropyl /3-o-thiogalactoside, the expressed fusion proteins accumulated in the insoluble 18 kD Wheat mitochondrial proteins transferred to nitrocellulose membranes were probed with specific sera against the cl-ORF156 fusion protein. Lane 1, total mitochondrial protein; lane 2, membrane fraction; lane 3, soluble fraction; lane 4, proteins from membrane fraction solubilized with 1 % sodium deoxycholate. 11 13 nucleotides correspond to those edited in the homologous sequence of the wheat coxll mRNA (Covello and Gray, 1989; Gualberto et al., 1989) . The 727-bp sequence unique to orf299 is not edited.
RNA Editing and Maturation in Wheat Mitochondria
Amplified cDNA clones of orf756 were obtained with; primers 0 5 and 07. All six independent clones that were sequenced contained the same four edited positions ( C -4 conversions), corresponding to 3 amino acid substitutions and to one silent modification (Figure 2 ).
RNA Editing of the nad3 and rpsl2 Transcripts
The positions where editing occurs in the transcripts of the nad3-rps 72 transcription unit have been determined by sequencing cDNA clones derived by the polymerase chain reaction (PCR) technique, as described previously for the wheat coxlll mRNA (Gualberto et al., 199Ob) . cDNA clones of nad3 and rps72 were obtained utilizing primers 01, 02, and 0 3 (Figure 2 ). Because the 3' primer 0 3 is complementary to sequences absent from the mature RNA of 0.9 kb, PCR amplification with this primer specifically yields cDNAs from the 3.0-kb transcript. Amplification with 3' primer 0 2 yields cDNAs that could come either from the 0.9-or the 3.0-kb RNA. Only modifications to the genomic sequence found in more than three different clones were considered as resulting from RNA editing. Respectively, 21 and six editing sites could be identified in the nad3 and rps72 sequences, all corresponding to C 4 J conversions (Figure 2 ). When the amino acids specified by these edited codons are analyzed, 16 amino acids of nad3 and 6 amino acids of rps72 are modified. In nad3 mRNA, editing of site 2 (codon 13) is silent and codons 15, 21, 27, and 70 contain two editing sites.
Partia1 Editing of the nad3 and rpsl2 Transcripts
The existence of partially edited transcripts has already been postulated based on sequencing of uncloned nad3 cDNAs (Gualberto et al., 1989) . The sequencing of a large number of nad3-rps72 cDNA clones confirms this observation: a significant fraction of the sequenced clones corresponds to partially edited or unedited transcripts. As a consequence, proteins translated from either completely edited or partially edited RNAs would have sequences differing at some amino acid positions. Many of these positions, as inferred by homology with the corresponding proteins from nonplant organisms, must be essential for protein function. Represented here are the sequences of cDNA clones specifically obtained from the 3.0-kb transcript of total mtRNA. The relative positions of the 21 and six editing sites of nad3 and rps72, respectively, are represented by vertical arrows. Each line corresponds to a sequence found in one or more cDNA clones (number of clones indicated). Dots represent nucleotides found edited in the cDNA sequences. The number of nucleotides edited in each cDNA sequence is indicated. Sequences P1 to P16 correspond to cDNA clones containing both nad3 and rps72 sequences, whereas sequences P17 to P38 correspond to cDNA clones either containing nad3 or rps72.
The hypothesis that only completely edited RNA sequences are translated in mitochondria was considered. The existence of partially edited RNA could be a consequence of the accumulation of nontranslatable precursor transcripts in plant mitochondria. Considering this hypothesis, we would expect to find precursor transcripts of nad3 and rps72 less edited than mature transcripts and transcripts isolated from mitochondrial polysomes completely edited. To test this hypothesis, partia1 editing of nad3 and rps72 was studied at the leve1 of precursor, mature, and polysomal mitochondrial RNA (mtRNA) fractions, and the corresponding data are shown in Figures 5, 6 , and 7.
Mature nad3 and rpsl2 Transcripts Are More Edited than Precursor Transcripts
Specific nad3 and rps72 cDNA clones from the precursor 3.0-kb RNA or from the mature 0.9-kb RNA were obtained, and from each cDNA population a large number of PCRderived clones were sequenced. Specific clones from the 3.0-kb RNA were obtained with primers O1 and 0 3 ( Figure  2 ). To compare editing of the two genes, clones of the 1031 -bp, PCR-derived cDNA were completely sequenced. Each type of clone is represented in P1 to P16 of Figure   5 . Clones containing either the nad3 or the rpsl2 sequences were obtained by cutting the PCR fragment with Xhol (at position 494 of the sequence) and separately cloning the resulting fragments (clones P17 to P38 of Figure 5 ). Specific cDNA clones from the mature 0.9-kb RNA were obtained by size fractionation of total mtRNA on sucrose gradients. Fractions containing only the mature RNA of 0.9 kb were selected by RNA gel blot hybridization and utilized for cDNA synthesis and amplification with primers O1 and 0 2 (Figure 2) .
Most of the 3.0-kb RNA clones corresponded to nonedited and partially edited transcripts ( Figure 5 ). In contrast, Figure 6 shows that most of the cDNA clones from the 0.9-kb mature RNA are completely or almost completely edited. None of the 37 cDNA clones is unedited, and although some clones (clones M16, M17, M20, and M21) are unedited in one of the genes, the other gene is edited to some extent. As shown in Figures 8A and 8B , most of the 0.9-kb RNA clones code for the final NAD3 and RPS12 proteins, whereas a large proportion of the 3.0-kb RNA clones are still not edited. Although most 0.9-kb RNA clones are completely edited, a significant number are partially edited, potentially coding for NAD3 and RPS12 proteins of altered sequence. Many of these clones contain nearly completely edited nad3 sequences, possibly corresponding to transcripts in final steps of the editing process.
We could not find any polarity to the sequence of editing events (neither from 5' to 3' nor from 3' to 5') and no precise site of editing initiation. The sequences of some clones are, however, consistent with the idea that although nad3 and rps72 are cotranscribed, editing of each gene sequence is independently regulated: clones P9, M16, and M17 have completely or almost completely edited nad3 sequences and nonedited rps72 sequences, but clone P1 O has only one edited site on nad3 and a nearly completely edited rps72 sequence. 
Transcripts in the Polysomal-Enriched Fraction Are Mainly Completely Edited
Considering the hypothesis that only completely edited transcripts are utilized for translation, cDNA clones from a wheat mitochondrial polysomal RNA-enriched fraction were obtained and sequenced. The wheat mitochondrial polysomal fraction was obtained as described in Methods after pelleting of the mitochondrial membrane fraction and sedimentation of the supernatant through a 1.5 M sucrose cushion. Different times of centrifugation were tested, and the corresponding fractions were analyzed by RNA gel blot hybridization. RNA extracted from fractions pelleted after 2-hr centrifugation contained nad3-rps72 0.9-kb RNA but much less 3.0-kb precursor RNA and was utilized as a source of polysomal mtRNA. After RNA fractionation on sucrose gradient, nad3-rps 12 cDNA clones were obtained from aliquots containing the polysomal 0.9-kb transcript. From 35 clones that were sequenced, Figures 7 and 8C show that most are completely edited, but partially edited clones were still found. Interestingly, in four of these clones (clones of sequences T6 and T I I), partia1 editing only affects silent positions.
Deletions of a Nucleotide at Editing Positions
Upon analysis of severa1 cDNA clones, it was found sometimes that deletion of a single nucleotide occurred, as shown in Figure 9 . It is possible that such deletions have been introduced during PCR amplification, but this is improbable because such deletions have been found consistently at editing sites and not elsewhere, eight of nine deletions affecting an editing site. These deletions were found once in the nad3 editing site 7 ( Figure 9A ), five times in site 15 ( Figure 9B ), and twice in rpsl2 editing site 1 ( Figure 9C ). The precise nucleotide deleted cannot always be precisely identified, but in each case it was either the edited one or a neighboring T. It is therefore possible to postulate that these deletions are a consequence of the editing process and not an artifact introduced during cDNA synthesis and PCR amplification.
DISCUSSION The nad3-rps72 Transcription Unit Also Codes for an Unidentified Mitochondrial Protein
The nad3 and rps72 genes are cotranscribed with two additional ORFs. No evidence was found for translation of orf299. The orf756 gene is, however, expressed in wheat mitochondria as a protein associated with the mitochondrial membrane fraction. Sequences homologous to this gene have been found in many plant mitochondrial genomes analyzed, and it seems, therefore, that it is part of the "core" genetic information of plant mitochondria. In wheat, transcripts for this gene are 10-to 20-fold more abundant than the nad3-rps72 0.9-kb mRNA, possibly as a result of different RNA stabilities or of independent transcription initiation. The presence of a double-loop structure at the 3' extremities of the orf756 transcripts could account for their higher stability (Schuster et al., Number of amino acid conversions 1986). Because no sequence homologies with orf756 can be found in protein data banks, this is an indication that the corresponding putative protein in nonplant mitochondria is not encoded by the mitochondrial genomes, some of which have been completely sequenced. The orf756-encoded polypeptide is, therefore, either a mitochondrial protein specific to higher plants or a new example of a nuclear-encoded protein in mammals and fungi that is mitochondrially encoded in higher plants.
Editing 1s Sequence Specific and Translation lndependent All plant mitochondrial mRNAs analyzed to date, including the nad3, rps72, and orf756 transcripts, are more or less affected by editing. On the contrary, more than 700 transcribed nucleotides of the apparently untranslated off299 sequence are not edited. This observation is consistent with the idea that editing in plant mitochondria is specific for translated sequences: rRNA genes and tRNA genes have still not been found to be edited. However, 3 nucleotides of the coxll insertion sequence are edited, the same that are also edited in the homologous sequence of the wheat coxll mRNA (Covello and Gray, 1989; Gualberto et al., 1989) . This duplicated sequence is, therefore, recognized by the factors responsible for editing of the native coxll mRNA, which possibly include complementary transcripts (guide RNA, Blum et al., 1990) . The fact that the same sequence in different transcripts is identically edited, one being translated and the other not, implies that the specificity of editing is achieved in a strictly sequencedependent way, independent of transcript translation. It was previously shown that different editing sites in independent transcripts share sequence similarities (Gualberto et al., 1990b) . Sequence similarities have also been found between editing sites of the currently analyzed genes, in addition to the ones already published. Editing sites 1 and 14 of nad3 (codons 2 and 72) share the same YCGGAA motif, editing sites 18, 19, and 21 of nad3 (codons 92, 106, and 1 15) share the same GGAUC motif, and editing sites 3 and 4 of rps72 (codons 74 and 90) contain the same AUUCGCNAGG sequence. Also, editing site 5 of rps72 (codon 95) and editing site 1 (codon 7) of the wheat atp9 gene (Bégu et al., 1990) are preceded by the same AGGUGYNAAAUC sequence. These common sequences could be involved in base pairing with some putative guide RNA. former contained significantly more edited nucleotides than the latter (Figures 5, 6 , and 8). Very few partially edited clones from the 3.0-kb precursor were identical, indicating that the use of PCR allows the amplification of independent cDNA clones. The significant differences between the extent of editing of precursor and mature transcripts implies that RNA editing in plant mitochondria is a process with a temporal development correlating with transcript maturation. This result is up to now the best evidence that editing is a post-transcriptional process. Accumulation of precursor transcripts that are possibly not utilized for translation seems, therefore, to be the main reason for the persistence of partially edited transcripts on plant mitochondria. The existence of partially edited transcripts will be, therefore, only a measure of the ratio between precursor and mature RNA concentration, as demonstrated in this study by comparing the partial editing of nad3-rps12 transcripts (where a comparable amount of the 0.9-and 3-kb transcripts can be found in the mitochondria) with the fully edited orf156 (where the 0.8-kb RNA is present at a considerably higher concentration than the 3-kb precursor RNA) (Figure 3 ). Partially edited transcripts could probably be sequenced in this case but only after the screening of a very large number of cDNA clones. In agreement with this idea, for wheat mitochondrial genes that are mainly coded on abundant mRNAs (cox///, nad4, orf156, and atp9, Begu et al., 1990; Gualberto et al., 1990b; Lamattina and Grienenberger, 1990) , no partially edited transcript has been detected. mitochondrial editing system. In trypanosomes, editing involves the 3' to 5' addition and deletion of uridines in the RNA sequences, resulting in the creation of frame shifts and initiation and termination codons (Simpson and Shaw, 1989) . Therefore, partially edited transcripts in trypanosome mitochondria cannot be translated.
In plant mitochondria, partial editing has a different significance because no frame shifts are created by RNA editing and, therefore, unedited transcripts could theoretically be translated. The first report on RNA editing already suggested that partially edited transcripts can accumulate in plant mitochondria (Gualberto et al., 1989) , and this assumption was confirmed for the Oenothera nad3 and rps13 genes (Schuster et al., 1990; Wissinger et al., 1990) .
The significance of partial editing on the expression of the genes so far analyzed is not clear. It could be that, in this way, plant mitochondria achieve protein sequence diversity allowing flexibility to cope with environmental fluctuations, but this seems unlikely, considering that partial editing frequently affects highly conserved amino acids.
The simple transcription pattern of the wheat nad3-rps12 transcription unit permits the separate study of precursor and mature transcripts. The sequence of a large number of cDNA clones either from the 0.9-kb mature RNA or from the 3.0-kb precursor clearly showed that the
Mature Transcripts in the Polysomal-Enriched Fraction Code Mainly Unique NADS and RPS12 Protein Sequences
The 3.0-kb precursor transcript that in the total mtRNA fraction is mainly partially edited is still detected in RNA gel blots of polysomal RNA but in considerably lower amounts. Its persistence in the polysomal fraction could result from contaminant total mtRNA. Considering this possibility, the differences in the extent of editing between total and polysomal RNA had been compared only for the 0.9-kb mature transcript. Most polysomal cDNA clones sequenced are completely edited and code unique NAD3 and RPS12 protein sequences, but some clones have been obtained corresponding to partially edited transcripts. Although it is likely that those clones correspond to total mtRNA contaminating the polysomal fractions, it must be considered that they are translated. Even so, it is possible that one transcript can be utilized for translation of a completely edited reading frame but not a cotranscribed and partially edited one: only two of 35 clones from the polysomal-enriched fraction have both partially edited nad3 and rps12 sequences (clones T18 and T19), compared with six of 37 clones from total mtRNA (clones M10, M17, M18, M19, M20, andM21).
The number of amino acid conversions deduced from cDNA sequences is represented on histograms in Figure  8 . The distribution of the sequences for the highly edited nad3 gene suggests an editing process with slow initiation and termination steps: the majority of the precursor-specific clones show no or few amino acid conversions resulting from editing, whereas most mature-specific clones are completely or almost completely edited. For nad3, very few clones showing intermediate degrees of editing could be found. No statistically significant difference between extent of editing of mature transcripts in total mtRNA and mature transcripts from the polysomal fraction could be found. However, as shown in Figure 8 , it is apparent that most cDNAs derived from the 0.9-kb transcript in total RNA correspond to transcripts in final steps of editing, whereas in polysomes, from the few cDNA clones that are partially edited, there are as many belonging to the intermediate edited class as to the almost completely edited class. This suggests that such clones are a background intrinsic to the methodology utilized and may correspond to contaminating 0.9-or 3.0-kb transcripts from total RNA. Although these results constitute little evidence, they suggest that there is a mechanism responsible for the functional selection of completely edited sequences for translation by a mechanism not related with RNA size selection. This selection could be obtained if partially edited RNAs are sequestered in protein or ribonucleoprotein complexes (i.e., the "editosome" that will be responsible for the editing process) and cannot escape these complexes and attach to the ribosome before the completion of editing.
Deletions of a Nucleotide at Editing Positions lmply an Editing Mechanism lnvolving Nucleotide Replacement
The nature of the C-U editing in plant mitochondria is still unknown. A simple deamination could account for the C-tU nucleotide conversion. However, the observed phenomenon of nucleotide deletion in some cDNA clones can be better explained if we consider that the C+U conversion is obtained by nucleotide replacement, with or without rupture of the phosphoribose chain of RNA. If one considers that editing involves cutting, nucleotide substitution, and religation, the RNA chain could, in some cases, be religated after cytidine removal but before uridine addition resulting in an RNA shorter by 1 nucleotide residue. Another possibility is that editing is obtained by pyrimidine replacement without cutting of the RNA chain by an activity similar to the ones found in some DNA repair mechanisms (Olsen et al., 1989) . In that case, apyrimidinic positions would exist as intermediary steps of the editing process. It remains to be demonstrated, however, that the reverse transcriptase would not stop at such positions.
METHODS
Oligonucleotide Primers
The following oligonucleotides were synthesized on an Applied Biosystems DNA synthesizer: Wheat mtDNA and mtRNA were prepared as described (Gualberto et al., 1988) . A Sal 1 plasmid library containing all the wheat mitochondrial genome was kindly supplied by F. Quétier and B. Lejeune (Orsay, Paris) . DNA fragments selected for sequencing were subcloned in M13mpl8 and M13mpl9 and sequenced by the dideoxy chain termination method. The published sequence will appear in the EMBL nucleotide sequence data base as accession number X59153. Conditions for RNA gel blot analysis of total mtRNA were as described by Sambrook et al. (1989) . 32P-labeled DNA probes were prepared by second-strand synthesis of M13 clones or by random priming. Conditions for transcript mapping by S1 nuclease protection and primer extension were as previously described by Gualberto et al. (1990a) . Size fractionation of mtRNA before cDNA synthesis was performed on semilogarithmic gradients of 10% to 32% sucrose, using a Beckman SW41.Ti rotor at 38,000 rpm for 15 hr.
Fractionation of Mitochondrial Proteins and lmmunodetection
Sucrose gradient-purified mitochondria were lysed by dilution with PBS buffer (Sambrook et al., 1989) and by four to five cycles of freezing and thawing. The membrane fraction was sedimented by centrifugation (30,00Og), washed three times, and solubilized in PBS buffer containing 0.1 O/O SDS. The soluble mitochondrial fraction was precipitated with 70% acetone. lmmunodetection of proteins fractionated by SDS-PAGE and transferred to nitrocellulose membranes was performed as described by Burnette (1981) , using alkaline phosphatase-conjugated antibodies (Sigma).
Expression of Fusion Proteins in Escherichia coli
DNA fragments containing parts of the orf756 and orf299 sequences were cloned in the Hindlll site of the pHC305AHindlll vector (Amann et al., 1983; Schmidt et al., 1986) , which was a kind gift from Urzula Niesbach-Klosgen (Max Planck Institute, Martinsried, Germany). The corresponding fusion proteins were expressed in the W311 O E. coli strain and purified as described (Niesbach-Klosgen et al., 1990) . After preparative SDS-PAGE purification, the fusion proteins were electroeluted and injected into rabbits to raise specific antisera. Preimmune serum was used as a control in immunodetection experiments.
cDNA Synthesis and Amplification mtRNA was treated with RNase-free DNase (Pharmacia) and the cDNA first strand synthesized using specific primers as described previously by Gualberto et al. (1990b) . The resulting cDNA was amplified by PCR using Ta9 DNA polymerase from Pharmacia, following the conditions of the supplier. The amplified fragments were cloned in M13 vectors and sequenced.
Purification of Polysomal-Enriched mtRNA
Wheat mitochondria were purified on sucrose gradients in the presence of 10 mM MgClp and lysed by the addition of 3 volumes of TKM buffer (40 mM Tris-HCI, pH 8.5, 20 mM KCI, 10 mM MgCI2) and 1.5% Triton X-1 00. The mitochondrial membranes were sedimented at 30, OOOg for 30 min, and the soluble fraction was layered over a cushion of 1.5 M sucrose on TKM buffer. Polysomes were sedimented by centrifugation at 38,000 rpm (Beckman SW-41.Ti rotor) for 2 hr. The resulting pellet was resuspended, and contaminating membranes were sedimented by centrifugation at 12,0009. Total RNAs from the soluble fraction were purified by phenol-chloroform extraction and precipitation by 2 M LiCI.
